Sulfate uptake is the first step of the sulfate assimilation pathway, which has been shown in our laboratory to be part ofthe methionine biosynthetic pathway. Kinetic study of sulfate uptake has shown a biphasic curve in a LineweaverBurk plot. The analysis of this plot indicates that two enzymes participate in sulfate uptake. One (permease I) has a high affinity for the substrate (Km = 0.005 mM); the other (permease II) shows a much lower affinity for sulfate (Km = 0.35 mM). Regulation of the synthesis of both permeases is under the control of exogenous methionine or S-adenosylmethionine. It was shown, moreover, that synthesis of sulfate permeases is coordinated with the synthesis of the other methionine biosynthetic enzymes thus far studied in our laboratory. An additional specific regulation of sulfate permeases by inhibition of their activity by endogenous sulfate and adenosyl phosphosulfate (an intermediate metabolite in sulfate assimilation) has been shown. A mutant unable to concentrate sulfate has been selected. This strain carried mutations in two independent genes. These two mutations, separated in two different strains, lead to modified kinetics of sulfate uptake. The study ofthese strains leads us to postulate that there is an interaction in situ between the products of these two genes.
In the course of our study of the biosynthesis of methionine in Saccharomyces cerevisiae, we became interested in the sulfate permease because it is the first enzyme ofthe sulfate assimilation pathway that has been shown to be part of methionine biosynthetic pathway (Fig. 1) .
Sulfate permease has been studied in a number of other eucaryotic organisms. The bestknown systems are those from Neurospora crassa and Aspergillus nidulans.
In N. crassa, two sulfate uptake systems are synthesized at different developmental stages. System I is predominant in conidia and system II is predominant in mycelia. The synthesis of these two enzymes is repressed by exogenous methionine, and their activity is inhibited by sulfite, thiosulfate, chromate, tungstate, and molybdate (12, 20) . Sulfate permeases I and II are retroinhibited by a metabolite of the sulfate assimilation pathway (13) . Mutants have been isolated. It has been shown that gene CYS13 codes for sulfate permease I and that gene CYS14 codes for sulfate permease II (11) .
In A. nidulans, a permease showing affinity for sulfate, chromate, and selenate has been described (8) . Among their sulfate permeaseless mutants, all modified in the SB locus, Lukaszkiewicz and Paszewski found an operatortype mutant of sulfate permease (9) .
We wanted to know whether sulfate permease was regulated in S. cerevisiae as are the other enzymes of the methionine biosynthetic pathway studied in our laboratory (2, 3) and whether this enzyme was subject to any regulation other than the one acting on the other methionine biosynthetic enzymes. Moreover, among a hundred mutants selected by auxotrophy for methionine and classified by Masselot and de Robichon-Szulmajster (15) , none was found to be modified in the structural gene for sulfate permease. We thought then that perhaps we could select such a mutant by using more specific criteria of selection.
MATERIALS AND METHODS Strains. The haploid strains used are listed in Table 1 .
Media. YPGA medium contained in 1 liter of distilled water: 5 g of yeast extract (Difco); 5 g of peptone (Difco); 30 g of glucose; and 20 mg of adenine. B medium without sulfate was the B medium described by Spence (23) in which sulfates were replaced by chlorides or phosphates. In this medium the residual growth of the wild-type strain is below 0.1 optical density (OD) unit (650 nm; Varian Techtron 630 spectrophotometer), showing that this medium contains very few sulfur components. The sulfur source in cultures could not be methionine since this amino acid repressed the synthesis of methionine group I enzymes. We chose homocysteine thiolactone at 0.25 mM, which can be used by S. cerevi-siae as a sulfur source and which does not repress methionine group I enzyme synthesis (H. Cherest, unpublished data). A total of 20 mg each of uracil and adenine and 100 mg of histidine per liter were added when necessary. Cultures. Cultures were made as described by Cherest et al. (1) . Cells were cultivated in B medium at 28°C with vigorous shaking; growth was stopped before the end of exponential growth phase at an OD at 650 nm (OD' ) between 1.3 and 1.6 (1-cm light path) (about six to seven generation times after inoculation). 6 Selection of resistant strains. Selection medium was the B medium without sulfate, solidified by agar or agarose to which potassium chromate or sodium selenate or both were added after sterilization (the chromate and selenate solutions were sterilized by filtration). In these media, the source of sulfur was still homocysteine, 0.25 mM. A total of 2.6 x 107 to 2.6 x 108 cells of wild-type strain X2180.1A were plated on about 25 they were tested for resistance to selenate or chromate and inability to grow on medium containing sulfate as the sole sulfur source. They were then submitted to complementation tests with strains belonging to all complementation groups already implicated in sulfate assimilation. Mating, sporulation, and ascus dissociation were as described by Masselot and de Robichon-Szulmajster (14) .
Cell-free extracts. Cells were collected by centrifugation, washed with 50 mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.4) containing 1 mM ethylenediaminetetraacetic acid and 30% glycerol (wt/vol), and extracted as described previously (2). The crude extract was submitted to centrifugation for 90 min at 100,000 x g in a no. 40 rotor of a preparative Spinco L50 (S100 extract); the S100 extract was then dialyzed overnight at 4°C in 5 liters of 50 mM tris(hydroxymethyl)aminomethanehydrochloride buffer (pH 7.4) containing 1 mM ethylenediaminetetraacetic acid.
Enzyme assays. (i) Sulfate permease assay. The sulfate permease assay was performed on whole cells by the method of Marzluf (11) . The assay mixture contained in 1 ml: mineral salts and glucose at the same concentration as in B medium without sulfate, Na235SO4 (about 1,500 cpm/nmol) at the desired concentration, and, unless otherwise stated, 500 ,ul of cellular suspension at an ODo of 1.3 to 1.6 (1-cm light path), corresponding to 140 to 200 lAg of dry weight. This mixture was incubated at 20°C for a time during which sulfate uptake was still linearly related to time. In fact, the reaction was linear until the internal sulfur content was 7 nmol/ mg (dry weight), that is, for 2 min when the final concentration was 0.005 mM, for 1 min when it was 0.05 mM, and for 30 s when it was 5 mM. The reaction was stopped by isotopic dilution by adding (ii) ATP sulfurylase activity. Adenosine 5'-triphosphate (ATP):sulfate adenylytransferase (EC 2.7.7.4) activity was measured in the dialyzed S100 extract by the method of Wilson and Bandurski (25) as described by de Vito and Dreyfuss (24) .
(iii) Measure of the formation of sulfite from sulfate. The formation of sulfite from sulfate is catalyzed by three successive enzymes in the sulfate assimilation pathway: ATP sulfurylase, APS kinase (ATP:adenylylsulphate 3'-phosphotransferase, EC 2.7.1.25), and 3'-phosphoadenosine 5'-phosphosulfate (PAPS) reductase and was performed (on the dialyzed S100 extract) by the method of Naiki (18) modified by us. The assay mixture contained in a 1-ml volume: 50 jAmol of tris(hydroxymethyl)aminomethane-hydrochloride (pH 7.4), 5 ,Amol of ATP, 1 ,umol of MgCl2, 0.08 ,umol of nicotinamide adenine dinucleotide phosphate (NADP), 5 jAmol of glucose 6-phosphate, 10 ;.mol of Na2SO4, 0.05 U of glucose 6-phosphate dehydrogenase, and dialyzed S100 extract containing 5 to 10 mg of protein. After incubation at 300C for 1 h in tightly stoppered test tubes, the reaction was stopped by cooling at 00C. The tightly closed tubes were left overnight at 0°C; then the proteins were precipitated with 1 ml of a saturated solution of mercuric chloride in water. After centrifugation, the sulfite was measured in the supernatant fraction by the method of Grant (7) . Specific activity is expressed as nanomoles of sulfite formed per hour per milligram of protein.
(iv) Sulfite reductase activity. Sulfite reductase (hydrogen sulfide:NADP oxidoreductase, EC 1.8.1.2) activity was assayed in the crude extracts by the method of de Vito and Dreyfuss (24) , and the sulfide formed was estimated by the method of Siegel (21) .
(v) Homocysteine synthase activity. Homocysteine synthase (O-acetyl:L-homoserine acetate lyase, EC 4.2.99.10) activity was assayed on the cells made permeable with benzene as already de-
Protein concentration. The protein estimation was performed by the biuret method (6) Moreover, the sulfate concentration in the cell suspension decreased with time since the anion was incorporated by the cells. The measure of the incorporation of radioactive sulfate in the conditions of the experiment showed that it was at most 25 nmol/ mg of dry weight within 50 min (wild-type strain) so that it decreased the exogenous concentration by 16% within 50 min. For the measure of sulfate permease I in the assay mixture, the final concentration of 0.05 mM was thus slightly increased (8%), which is without effect on the activity of the enzyme, but the specific radioactivity of sulfate was increased, and a correction was made according to the strain and the time of incubation.
RESULTS
Kinetics of sulfate transport. The rate of incorporation of sulfate was measured in a wild-type strain (X2180.1A) as a function of the external sulfate concentration.
In Fig. 2 a Lineweaver-Burk plot of the results is shown. A biphasic curve was obtained, showing that at least two systems participate in sulfate uptake. This phenomenon has been observed in other uptake systems (5, 16, 19) . Kinetic values of both systems were calculated by the method of Epstein et al. (4) . The initial rate of incorporation of the high-affinity system was measured at the low external sulfate concentration (0.004 mM -[S04=] C 0.05 mM) at which only this system functions.
The Km and V.,, for the high-affinity uptake Although our experiments cannot exclude participation of free diffusion across the cell membrane, these observations indicate the existence of two uptake systems for sulfate in S. cerevisiae.
We will call these two uptake systems sulfate permease I and sulfate permease II. The activity of sulfate permease I alone is measured with a concentration of 0.05 mM radioactive sulfate in the assay mixture, and the overall activity of sulfate permeases I and II is measured with a final concentration of 5 mM. We calculate the activity of sulfate permease II alone by the difference between the two obtained values.
Regulation of synthesis of the sulfate permeases. It has been shown in our laboratory that the synthesis of at least four enzymes involved in methionine biosynthesis (group I enzymes) was repressed by exogenous methionine or S-adenosyl-L-methionine (SAM) (2, 3) .
It was thus interesting to know if the synthesis of the sulfate permeases was under the control of methionine or SAM. After culture in the presence of 1.5-mM DL-methionine or 0.2 mM SAM, we found no activity of both sulfate permeases. This shows that sulfate uptake is regulated by methionine and SAM and that passive diffusion does not interfere with the active uptake of sulfate.
But these experiments could not discriminate between repression of sulfate permease synthesis and retroinhibition of their activities since the metabolite added to the culture is present during sulfate uptake measurement (see above). We then studied the kinetics of the decrease in activity after the addition of 1.5 mM methionine or 0.1 mM SAM. This experiment shows that, after one generation time, the activity of both sulfate perneases was decreased by, at most, 50%. This result is not compatible with retroinhibition of sulfate uptake by methionine or SAM, but it is compatible with repression of synthesis of both sulfate permeases by exogenous methionine or SAM.
Since it has been shown that the synthesis of four enzymes implicated in methionine biosynthesis is coordinated (2), although their structural genes are unlinked (17; M. Masselot and Y. Surdin-Keijan, Mol. Gen. Genet., in press), we wanted to know if sulfate permease is under the same control. Sulfate uptake and homocysteine synthase were simultaneously measured in cells cultivated in the presence of different methionine concentrations. Figures  3A and B show a linear relationship between the specific activities of the two enzymes. This suggests that the synthesis of both sulfate permeases is coordinated with that of homocysteine synthase. The fact that the curves did not go through the origin is presumed to reflect a difference in the sensitivity of the enzyme assays. Thus, the synthesis of both sulfate permeases is coordinated with that of four Inhibition of sulfate permease activity. In our first experiments we observed that, after culture in the presence of sulfate, we found a very low activity of sulfate permease that could not be accounted for by isotopic dilution. Moreover, Marzluf found that a derivative of sulfate from the sulfate assimilation pathway inhibits the activity of sulfate permease in N. crassa (13) .
In a series of experiments (see above) we tested the inhibition of sulfate permease by exogenously adding sulfate in a wild-type strain. Figure 4 shows that 100% inhibition of both sulfate permeases was obtained about 40 min after the addition of sulfate. To determine if endogenous sulfate was the real inhibitor, the same experiment was done with strain AB4.1A, bearing an met3 mutation and, thus, unable to metabolize the sulfate, since it has been shown that MET3 codes for ATP sulfurylase (Masselot and Surdin-Kerjan, in press). Figure 5A shows that maximal inhibition of sulfate permease I (sulfate permease II was not tested in these experiments) was also obtained about 40 min after addition of sulfate, but, in this case, the maximal inhibition was only 40%. After 40 min of incubation with sulfate (0.05 mM), the intracellular pool of sulfate in strain AB4.1A was sevenfold greater than that in the wild-type strain (results obtained by chromatography ofboiled cell extracts, not shown here). This lower inhibition cannot be due to a lower intracellular concentration of sulfate in strain AB4.1A. Two hypotheses can explain these re- Table 2 . Sulfate permease I had nearly the same affinity for sulfate and selenate and a 10-fold-less affinity for chromate than sulfate; sulfate permease II showed less affinity for selenate than did sulfate permease I, whereas sulfate permease II had a much greater affinity for chromate than did sulfate permease I since the overall affinity in both systems for the chromate increased considerably when the activity of the two systems was measured ([S04=] = 5 mM). Therefore, both sulfate permeases are inhibited by chromate and selenate, but their affinities for these two inhibitors differ greatly. It would be helpful to use simultaneously the two toxic inhibitors to select a mutant deficient for the two permeases.
Selection of sulfate permeaseless mutants. In a first attempt to isolate sulfate permeasemodified mutants, we selected spontaneous mutants on minimal B medium solidified by agar and containing a high concentration of selenate (10 mM) and homocysteine as a sulfur source (see above). Under these conditions we selected 100% of strains bearing a mutation in the gene MET3 (and thus devoid of ATP sulfurylase). On lower selenate concentrations (0.2 and 0.5 mM), we selected, in equal proportion, strains bearing mutations in the genes MET14, MET16, and MET3. Strains mutated in the MET14 gene have been shown to lack APS kinase activity and, in the MET16 gene, PAPS reductase activity (Masselot and Surdin-Kerjan, in press). On media containing 0.20 mM or 0.25 mM chromate, we selected strains bearing mutations in MET14 or MET16 genes. By this method we obtained only strains lacking one of the first enzymatic activities involved in the sulfate assimilation pathway, but no sulfate permeaseless mutants.
Agar, which is a sulfuric ester of a linear galactan, could be slightly hydrolyzed and could liberate sulfate ions. This would confer a selective advantage to strains blocked in the sulfate assimilation pathway. We then solidified our media by agarose and, after ultraviolet mutagenesis, selected chromate-and selenateresistant mutants. Selenate and chromate concentrations were between 0.075 mM and 0.15 mM. On agarose medium containing both selenate (0.075 mM) and chromate (0.15 mM) (the frequency of apparition of resistant colonies on this medium was 7 x 10-7), we found a mutant that complemented all other strains known to bear a mutation in each gene implicated in the sulfate assimilation pathway. This mutant (G10) was studied in more detail.
Study of strain G10. Since it has been emphasized that the classification of methionine auxotrophs of S. cerevisiae done by Masselot and de Robichon-Szulmajster (15) was not an exhaustive one, and since in this system one mutation can lead to the loss of several enzymatic activities, we assayed all enzymes of the sulfate assimilation pathway in strain G10. The results are given in Table 3 . It can be seen that strain G10 synthesized all enzymes at the same level as the wild-type strain, except sulfate permease, which was totally absent.
Strain G10 was crossed with wild-type strain X2180. 1B (diploid AB26), and 28 tetrads were Of the two strains AB26.2A (chr) and AB26.2B (sel), we measured the sulfate uptake as a function of the external sulfate concentration. A Lineweaver-Burk plot of the results of the experiments can be seen in Fig. 6A and B. The calculated kinetic constants are recapitulated in Table 5 . In both strains the two sulfate permeases were modified. These results were not as clear as expected; we did not obtain a simple one mutation-one sulfate permease modification. The results we obtained were more indicative of an interaction between the products of genes CHR and SEL.
But it could be that strain G10 carried a third mutation that could interfere with sulfate uptake. We crossed strain AB26.2A (chr) with a spore of cross AB31 x AB31.23B (sel). We tested the progeny of this cross on minimal B medium containing ammonium sulfate (0.1 mM) linked and that strains equivalent to G10 have arisen from this cross. For additional data we grew a spore equivalent to G10 and verified that this strain shows no sulfate permease activity. These experiments render highly improbable the fact that G10 carried another mutation interfering with sulfate uptake.
DISCUSSION
Results presented here give some information on the regulation and the properties of the sulfate uptake system in S. cerevisiae.
The main conclusion is that sulfate uptake in S. cerevisiae is mediated by two systems, one displaying a high affinity for sulfate and the other displaying a lower affinity for the substrate. This conclusion is reached on the basis of two experimental results: (i) a biphasic Lineweaver-Burk plot was obtained in kinetic studies, and (ii) a strain bearing two independent mutations leading to the absence of sulfate uptake was selected.
However, a simple model with two independent sulfate permeases does not explain our results, especially the kinetic properties of the mutants bearing mutations in the genes CHR and SEL, respectively. Indeed, strains AB26.2A and AB26.2B, which are modified by mutations in the CHR and SEL genes, respectively, show modifications in the two sulfate permeases (Table 4) ; moreover, strain G10, which bears the two mutations, shows less sulfate permease activity than would be expected from the simple addition of the effects of the two mutations without interaction between the products ofthe two genes, CHR and SEL. Therefore, we think that there is an interaction, at the protein level, between the products of genes CHR and SEL. The two following models fit out results.
(i) CHR and SEL are the structural genes for the two sulfate permeases, and these two enzymes interact with each other.
(ii) Alternatively, only one protein, coded for 
